Supplemental Fig. S1 . Micro-XRF maps of (a) Al, (b) Si, and (c) Mg in the dittmarite material, with XANES points. The micro-XRF maps revealed several small Al-rich and Si-rich particles, which were not found via other methods such as X-ray diffraction in Massey et al. (2010) . Micro-XANES points are marked with purple circles, representing dittmarite-like XANES spectra. The micro-XRF map of P in this material is shown in Figure 1A . Scale bars represent 1 mm.
Supplemental Fig. S2 . Micro-XRF maps of (a) Al, (b) Si, and (c) Mg in the crystalline struvite on apatite material, with XANES points. The micro-XRF map of Si, in particular, revealed the possibility that the seed material was rich in Si. Micro-XANES points are marked with purple squares (struvite-like XANES spectra) or green circles (apatite-like XANES spectra). The micro-XRF map of P in this material is shown in Figure 1B . Scale bars represent 1 mm.
Phosphorus, Al, and Si microfocused XRF mapping details
As noted in the main text, recovered phosphate materials were encased in optical epoxy and prepared for micro-XRF and micro-XAS analysis after being affixed to glass slides. Samples were cut and polished flat using a wet-wheel rock saw and grinder to expose particle interiors prior to analysis.
Micro-XRF and micro-XANES analyses of prepared samples were conducted on Beamline 14-3 at the Stanford Synchrotron Radiation Lightsource in Menlo Park, California, United States. As noted in the text, for the microfocused X-ray analyses, energy calibration was achieved by setting the top of the primary lazulite P K-edge peak to 2153.5 eV. The beamline monochromator was then set at 2160.0 eV in order to generate P, Si, Al, and Mg fluorescence signal for micro-XRF mapping. A single-element Vortex Si-drift solid-state detector (Canberra, Connecticut, United States) was used to collect an energy-dispersive X-ray fluorescence signal from each point, and the energy region corresponding to the P, Si, Al, and Mg fluorescence signal were separately analyzed to create the images shown in Figure 1 in the text (P fluorescence), and Figures S1 and S2.
Phosphorus K-edge X-ray Absorption Near Edge Structure (XANES) spectroscopy data collection, normalization, linear combination fitting, and uncertainty estimates
As noted in the main text, energy calibration was performed using lazulite, by setting the peak of the primary lazulite K-edge peak (the top of the "white line") to 2153.5 eV. Spectra were collected from ~2110 eV to ~2200+ eV, with count times of 1 second at each point.
Step size was 2.0 eV until 2140 eV, and 0.2 eV from 2140 to 2160 eV (the "edge region").
Step size was 0.5 eV in the immediate post-edge region, from 2160 to 2200 eV, and step size was 1.0 eV beyond 2200 eV.
Prior to analysis, multiple spectra (2-18+) from each point were averaged, and truncated to a data region from ~2140-2200 eV. Linear functions were subtracted from the pre-edge and post-edge regions for normalization, and the "edge step" was normalized to 1 for linear combination fitting.
The data were fit across a region spanning approximately 2140 eV to 2190 eV. Bulk and micro-XANES spectra were fit using both the normalized spectrum and the first derivative of each normalized spectrum. Fits used the same normalization and fitting parameters for each spectrum, in order to ensure comparability of results across multiple spectra and multiple fits.
Uncertainty of P K-edge XANES linear combination fitting
Uncertainty can arise from a number of sources in XANES linear combination fitting analysis. For example, the choice of fitting parameters can lead to systematic error and differing results. However, as noted by Calvin (2012) , as long as the choice of normalization parameters is consistent across samples and reference spectra, the uncertainty from normalization is not generally of primary concern.
Another source of potential uncertainty is statistical, and indeed, software packages that perform XAS linear combination fitting compute uncertainty estimates of fit results. These must be adjusted as discussed in Calvin (2012) , but generally fall in the range of ±1-10% uncertainty in the normalized results.
For heterogeneous samples of "natural" origin, however (such as soils, sediments, and recovered phosphates), the primary source of uncertainty is arguably the choice of standard spectra or model compounds used to fit the unknown spectra. It is not practically possible to meaningfully fit a P K-edge XANES spectrum of a heterogeneous, "natural" sample with every species of P that is actually present in the sample. For example, in the fits reported here, "apatite P" could actually consist of a mixture of different apatite-like Ca-P species. Thus, one must make reasonable and prudent choices regarding these model compounds. Additionally, subtle artifacts or differences in sample preparation may increase uncertainty estimates, as can be seen in the fits of the normalized spectra versus the fits of the first-derivative spectra. Attempts to quantify the uncertainty arising from the choice of standard spectra indicate that results can vary by as much as 10% and still yield reasonable fits.
Combining the uncertainty arising from the choice of standard spectra with uncertainties arising from normalization parameters, fitting parameters, and statistics yields a final, conservative uncertainty estimate of approximately ±15% for the P K-edge XANES fitting results. Figure S3 depicts fits of the first derivative of unknown spectra, used to quantify struvite versus apatite P. Due to self-absorption, interference, or other issues, fits of bulk XANES and micro-XANES spectra may be fit using the first derivative of the spectra. Some investigators (e.g., Vogel et al., 2017) have used qualitative evaluation of P K-edge spectra in order to shed light on P speciation in spite of issues with data quality. A different approach was attempted in the present work: fitting of the first-derivative of the unknown spectra, which seems to be less sensitive to data quality issues.
XANES linear combination fitting of first-derivative of spectra
There is a great deal of P speciation information contained in the pre-edge region, primary Kedge peak, and immediate post-edge region of P XANES spectra. For example, in the pre-edge region, there is a feature that is diagnostic of Fe-associated P (Beauchemin et al., 2003) . The position of the primary K-edge peak can also provide information regarding organic versus inorganic P species (Giguet-Covex et al., 2013; Brandes et al., 2007) , and subtle differences in peak position may help to distinguish between mineral P species. In the immediate post-edge region, Ca-associated P spectra often have a "shoulder" on the primary K-edge peak (e.g., Beauchemin et al., 2003; Ingall et al., 2011) . The "shoulder" on apatite-like P spectra is quite pronounced, while the spectra of other Ca-P species have a less-pronounced post-edge feature (e.g., P adsorbed on calcite in Giguet-Covex et al., 2013) . The spectrum of P adsorbed on Al oxide has none of these features (Beauchemin et al., 2003; Giguet-Covex et al., 2013) . As noted in the present work, Mg-associated P spectra have a "shoulder" in a similar position to that of apatite-like P spectra, but the feature is much less pronounced (e.g., Figures 2-4 ).
This wealth of speciation information in the pre-edge, edge, and immediate post-edge region allows for a limited degree of quantification based on the first derivative of the spectra. However, estimates of statistical uncertainty may be unreliable, and this method should be considered semi-quantitative without further testing. Nonetheless, the first-derivative fitting method allows for accurate identification of micro-XANES spectra, and similar results to fits of the bulk spectra (Figure 4 ). Taken together, these provide supportive evidence of the validity of the methodology.
Supplemental Fig. S3 . Bulk P K-edge XANES fits of the first derivative of the XANES spectra depicted in Figure 4 , with known struvite and apatite spectra, and the struvite spectrum from Ajiboye et al. (2007) for comparison. Data are shown as solid, colored lines, and fits are shown as dashed black lines. Normalized fitting results for these fits are listed in Table 1. 
